In this work, two simple processes for carbon dioxide (CO2) such as capture and utilization have been combined to form a whole systems approach to carbon capture and utilization (CCU). The first stage utilizes a pressure swing adsorption (PSA) system, which offers many benefits over current amine technologies. It was found that high selectivity can be achieved with rapid adsorption/desorption times while employing a cheap, durable sorbent that exhibits no sorbent losses and is easily regenerated by simple pressure drops. The PSA system is capable of capturing and upgrading the CO2 concentration of a waste gas stream from 12.5% to a range of higher purities. As many CCU end processes have some tolerance toward impurities in the feed, in the form of nitrogen (N2), for example, this is highly advantageous for this PSA system since CO2 purities in excess of 80% can be achieved with only a few steps and minimal energy input. Nonthermal plasma is one such technology that can tolerate, and even benefit from, small N2 impurities in the feed, therefore a 100% pure CO2 stream is not required. The second stage of this process deploys a nanosecond pulsed corona discharge reactor to split the captured CO2 into carbon monoxide (CO), which can then be used as a chemical feedstock for other syntheses. Corona discharge has proven industrial applications for gas cleaning and the benefit of pulsed power reduces the energy consumption of the system. The wire-in-cylinder geometry concentrates the volume of gas treated into the area of high electric field. Previous work has suggested that moderate conversions can be achieved (9%), compared to other non-thermal plasma methods, but with higher energy efficiencies (>60%).
FigUre 1 | An overview of potential pathways for use of CO2 as a C1 building block [adapted from Styring et al. (2011) ] (CO2Chem Media & Publishing have granted permission for the adaptation of this image for use in this study).
the CO2 feedstock is generated from fresh sources (Edwards, 1995; Olah et al., 2009; Peters et al., 2011) . There are numerous chemical reactions for synthesizing organic molecules from CO2, some of which are shown in Figure 1 .
Regardless of the CO2 end use, be it CCS or carbon capture and utilization (CCU), in most cases the CO2 must first be captured. The capture step contributes to 75% of the overall cost if CCS is to be used and will increase electricity production cost by around 50%, so finding the most efficient capture method is extremely important (Yang et al., 2008) . Targeted large point source emitters such as power stations would benefit from the convenience of a post-combustion capture process due to the ease of retrofitting. Technologies such as cryogenics, membrane separation, and algal-based systems are all potential options; however, they are currently in their infancy and not considered economically viable at this stage (Yang et al., 2008; MacDowell et al., 2010; Bhown and Freeman, 2011) . The current state of the art technology for CO2 capture is by amine absorption in a temperature swing absorption (TSA) process, but this is not without its drawbacks. High sorbent regeneration costs and sorbent losses due to evaporation and degradation mean that further advancements are required. TSA process generally produce a humid stream of pure CO2 which will require drying before it can be stored or utilized as an intermediate; this drying step is also very energy intensive. More recent research into pressure swing adsorption (PSA) for CO2 capture using solid sorbents has generated promising results (Ho et al., 2009; Wang et al., 2011; Grande, 2012) . PSA has many advantages over traditional systems in that it has a much smaller plant footprint, can accept changing feed compositions and is a stop-start technology making it very flexible with regard to the plant that is supplying it.
Upon capturing CO2, the main challenge facing utilization is overcoming its thermodynamic stability to form further products. Reactions of CO2 generally require elevated temperatures and pressures to bring about a reaction and thus can incur large energy penalties, reducing the profitability of the CO2-derived products. Centi and Perathoner (2009) have stated that although there are many options to utilize CO2, including but not limited to, mineralization, chemical production, fuel production, carbonation, and microalgae, the underlying problem is that often these processes require a pure or high purity CO2 feedstock before conversion can take place. All technologies have their own advantages and disadvantages, but few have successfully made the leap from small to industrial scale. Mineralization is the one of the most widely adopted methods of CCU with an estimated 50 Mt/year of CO2 used in the production of inorganic carbonates in 2013, according to Aresta et al. (2013) . Combined with mineralization, urea production together accounted for over 90% of all utilized CO2 in 2013; however, they represent a small dent in the global emissions of around 35 Gt/year. It is clear that CO2 can be used to create all of the products shown in Figure 1 but cheaper, less energy intensive alternative processes are currently more favorable. If a low energy capture and utilization process
FigUre 2 | Pressure swing adsorption experimental rig used for measuring sorbent capacity, rate, and separation potential.
could be found, with the added advantage of being able to turned on and off at will, then surplus renewable energy could be used to power the system as suggested by Goede (2015) . If this work, which targets CO as its product, can produce an activated form of CO2 with minimum energy inputs it goes a long way to addressing the high energy costs associated with CCU.
To overcome the energy barrier to react CO2 an alternative is to first reduce CO2 to carbon monoxide (CO); a more reactive molecule. The energy barrier for this reduction can be reduced through the use of non-thermal plasma. Under thermal conditions temperatures in excess of 3,000 K are required to split CO2 into CO. However, in non-thermal plasma only the electron temperature in the gas is elevated so the reaction can be performed at atmospheric temperature and pressure (Fridman, 2008) . Plasma offers an advantage over other utilization methods as it relatively low energy cost to activate CO2. It is also highly flexible and has been proven to accept a wide range of gas mixtures with conditions tunable to match the provided load. In conjunction with PSA, plasma technology can be easily switched on and off when in demand rather than operate as a continuous process, although it is capable also of doing this. Various studies into CO2 reduction in non-thermal plasmas have been conducted in different plasma systems (Savinov et al., 2002; Indarto et al., 2007; Aerts et al., 2012; Bogaerts et al., 2015; van Rooij et al., 2015; Sun et al., 2017) . However, to-date, there have been no literature reports of any integrated capture and utilization processes detailed in their published work.
To the best of our knowledge, this new whole system approach to CCU has never been reported in the literature and combines together two highly promising technologies that have demonstrated in previous work to be low in energy costs. On paper, both technologies are individually suited to accepting a variable feed composition and intermittent load (which could match fluctuating energy supply if renewable energy was used). Although, in this work, both are currently operated on a small scale, they have good potential for scale-up to process a large quantity of gas. Corona discharge is already established on an industrial scale in electrostatic precipitators, and the PSA system is expected to scale linearly with size; however, further investigation of the ability to manufacture sorbents on large scale must be undertaken (Roth, 2001 ). This work aims to provide a foundation for future CCU processes and advocates a whole systems approach to assessing these technologies, paying close attention to the purity of CO2 required for each utilization step.
In this work, a high PSA system is used to first capture, then upgrade the composition of flue gas to high purity. After capture the CO2 is released and passed through a pulsed corona discharge reactor wherein electron initiated dissociation converts the CO2 to CO, other products are formed but as the aim of this paper is to provide a proof of concept the detailed kinetical pathway is not discussed further. Using non-thermal plasma technology, this process aims to provide a source of non-fossil fuel derived carbon for chemical feedstocks.
MeThOD Pressure swing adsorption
First, a bench scale single bed PSA system was used to extract CO2 from a simulated flue gas stream containing 12.5% CO2 and 87.5% N2. This composition sits well within the range expected as an output from coal fired power stations, for example, found in the UK (Naims, 2016; von der Assen et al., 2016) . This PSA system makes use of a cheap and robust solid sorbent, which is based on previously reported poly-ionic liquid sorbents by this group (Supasitmongkol and Styring, 2010; Dowson et al., 2016) , which selectively adsorbs CO2 on pressurization of the gas stream. As the pressure is released, the N2 and CO2 desorb from the sorbent surface at different rates, thus creating two separate streams; one rich in N2 followed by one rich in CO2. An experimental diagram of the process is shown schematically in Figure 2 . High-pressure adsorption experiments were carried out in a bespoke stainless steel packed-bed adsorber column constructed using Swagelok™ 1/2″ tubing 100 mm in length. A cross section of which is shown in Figure 3 . The column is compression sealed and can withstand pressures up to 200 bar. The sorbent is packed inside with quartz wool filters used to avoid sorbent carry over during testing.
Flue gas streams were pressurized to 15 bar and allowed to adsorb for 15-min cycles. Full methodology was as described previously for solid ionic liquid sorbents (Dowson et al., 2016) . A two-stage depressurization of the adsorber leads to two gas FigUre 4 | Pulsed plasma experimental schematic.
FigUre 3 | Cross-sectional view of the packed-bed adsorber used for CO2 separation from simulated flue gas streams.
streams. This CO2-rich stream would be sent directly to the corona reactor for reduction to CO.
Pulsed corona Discharge
A simplified experimental diagram of the downstream plasma utilization section is presented in Figure 4 . Experiments were performed at atmospheric pressure and ambient temperature. The reactor used was a wire-to-cylinder corona discharge reactor constructed using a stainless steel cylinder as the outer ground electrode (R = 17 mm), and a narrow tungsten wire as the inner live electrode (r0 = 125 µm). The total reactor volume was approximately 300 cm 3 . Plasma ignition was provided by means of a high voltage pulse generator (NPG18-3500N Megaimpulse Ltd.) (Lyublinsky et al., 2013) . Electrical measurements were taken using a high voltage probe (Tektronix P6015A) connected to the live electrode to measure the voltage and a wide band current transformer (Pearson 6595) to measure the current. These two parameters enabled the energy and power used during the utilization process to be calculated. The unique aspect of this power supply is the ability to send a series of short pulses approximately 40 ns in width over a microsecond at a repetition rate that can be varied up to 3,200 Hz. These short pulses remove the need for a dielectric layer, prevent gas heating (thus increasing the efficiency of CO2 splitting), and reduce the possibility of plasma arc development.
The applied voltage signal is shown in Figure 5 . It is characterized by a primary short pulse of very high amplitude proceeded by a series of smaller short pulses of lower amplitude. The corresponding output current is also shown in Figure 6 . Following capture from the PSA rig, the CO2-rich flue gas was passed to the pulsed plasma reactor wherein it was subjected a corona discharge for varying residence times. The residence time was altered by changing the gas flow rate (Q) into the plasma reactor between 100 and 400 mL/min by using mass flow meters (Bronkhorst) which corresponds to residence times of 37.5, 75, and 150 s. Gaseous products from the corona reactor were measured by means of a Fourier transform infrared (FTIR) spectrometer (Varian 660-IR Agilent) post discharge. No liquid products were observed. A typical absorbance spectrum is shown in Figure 7 . The method used to quantify the production of CO was performed by calibrating the FTIR with known quantities of CO to generate a calibration curve. Before plasma ignition a background spectrum of the CO2 or CO2/N2 mixture was taken. After being exposed to the plasma, another spectrum was taken, and the background spectrum subtracted to determine the absolute IR absorbance. This absorbance was then compared to a known value along the calibration curve, and the quantity of CO was found. The main products detected were CO, NO, NO2, N2O, N2O5, and N2O3 with CO the dominant product. As the most important species as far as utilization is concerned, only the conversion of CO2 to CO was calculated. In addition, the values of other products remained in the parts per million range so were viewed as minor importance. Consideration into separation of all the product gases requires further work and is outside the scope of the article. This is in contrast to the works of Heijkers et al. (2015) who observed effective conversions up to 15% of N2 to other products, although in that work the specific energy input (SEI) peaked at 7.1 eV/molecule compared to the maximum of 0.43 eV/molecule used in this work.
To evaluate the effectiveness of CO2 utilization, two important and commonly used parameters will be deployed. These are the conversion factor (X) and energy efficiency (η) as defined by Eqs 1 and 2, respectively. The conversion is defined as the change in CO2 concentration over the initial CO2 concentration. As the production of other carbon containing species is negligible, this can be said to approximate the CO yield. From this, effective conversion (Xeff), which is also used in literature, can be found as a product of X and the relative CO2 content in the feed. For example, if a gas contains 80% CO2, the conversion is multiplied by 0.8.
The energy efficiency is defined as a ratio between the dissociation enthalpy of CO2 (ΔHR) as shown in Eq. 3 to the energy penalty to produce one molecule of CO (ECO).
Equation 2 is usually expressed in the literature in terms of the SEI, or the ratio of discharge power to the gas flow rate (SEI = W/Q) (J/cm 3 ) (Eq. 4). Discharge power is defined as the total energy supplied over the residence time (W = E/tg) (J/s). For calculation of total energy, see Eq. 6.
To calculate ECO (J), the total energy (E) must be calculated during the residence time of the gas as a ratio to the number of CO molecules that have been subjected to corona discharge (NCO),
where NCO can be expressed as follows:
The total energy deposited is calculated as shown in Eq. 6. It is the product of the energy applied during a single pulse (Epulse) (J), the gas residence time (tg) and the pulse repetition frequency (f) (Hz). Epulse can be further calculated from the integral of the applied voltage and current over the duration of a pulse (τ).
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From previous work (Moss et al., 2017) , it is known that the shape of the applied voltage waveform heavily influences the energy deposited within the plasma reactor and it can affect the chemical kinetic pathway of CO2 utilization. Under all experimental conditions, the repetition frequency was fixed at 1,700 Hz, as higher values led to instabilities in the discharge, increasing the temperature of the gas and thus reducing the energy efficiency of utilization. In this work, the energy deposited in the gas was altered by modifying the residence time of the gas only and estimated to be between 1 and 2 mJ across all gas mixtures.
cOUPling OF The TWO PrOcesses
Bringing the two processes together to create a single utilization system is a simple matter with only the addition of an intermediate storage vessel between the two systems. The proposed system is shown schematically in Figure 8 .
As separate systems, these two processes effectively work as stop-start technologies, i.e., they can readily be turned on and off. Joining them into a continuous process does not change this and allows the overall system to be highly operationally flexible. Not only operational time but also flexibility is provided in the form of the feed gas accepted into the process. The PSA system can accept variable feed flow rates and compositions with little effect to the process; similarly, the corona reactor can accept various feed flow rates and compositions while still effectively producing the desired product; albeit at the cost of varying separation. The addition of an intermediate storage vessel between the two systems is required to act as a buffer for the cyclic nature of the PSA product stream, thus allowing a constant feed to the corona reactor to be maintained.
resUlTs anD DiscUssiOn
Outputs from the capture Process
To generate the product streams for the corona reactor, the PSA system uses a poly-ionic liquid solid sorbent, which allows separation of CO2 from a simulated flue gas stream due to the difference in desorption rate of CO2 and N2 from the sorbent. N2 is desorbed instantly, whereas CO2 is held for longer periods of time giving a clear separation of the two gas streams. Although the exact mechanism of this desorption behavior is not fully understood, the physical nature of the adsorption in this case leads to weak physical interactions with the CO2 molecule. Although there is some interaction with N2, it is almost negligible and decreasing the system pressure fully reverses it, allowing almost instantaneous release of N2 from the system. It is likely that CO2 desorption rate is a function of the system pressure, and as the pressure drops, the weak interactions formed between the molecules and the surface of the sorbent are continually broken as the pressure is reduced with the most weakly bound molecules leaving the system first. Desorption rate was determined for each gas individually by
FigUre 10 | CO2 composition at the adsorber outlet with a gradual gas desorb of 50 mL/min with pressure dropping from 15 to 1 bar with an initial starting CO2 concentration of 12.5%. first allowing gas adsorption for 15 min at 15 bar. Previous work (Dowson et al., 2016) has shown that after this 15-min period, the sorbent will be fully saturated at 100% and will adsorb no more as shown in Figure 9 . In fact, adsorption rates for some of the ionic liquid sorbents were found to be mere seconds. The pressure was then released from the adsorber and the sorbent weight was tracked until a steady state was reached and desorption was completed.
As can be seen from Figure 10 during certain points of the desorption step, both gasses will be released at the same time therefore, after one pass, it is clear that a 100% stream of both N2 and CO2 cannot be achieved. Further passes would be required to gradually increase the CO2 concentration to higher percentages. It is also thought that the instantaneous desorbing N2 will in fact pull some of the weakly bound CO2 with it as it flows through the packed bed. To determine the CO2 composition of the gas in the outlet, a mixed gas stream of 12.5% CO2 and 87.5% N2 was produced using Bronkhorst mass flow controllers. This gas mixture was then pressurized using a Midwest Pressure Systems 40 series air driven gas booster to 15 bar and left to adsorb for 15 min with the reactor held at a steady temperature of 25°C. The pressure within the adsorber was then released gradually using a JASCO MODEL BP-1580-81 programmable electronic back pressure regulator with a gas flow rate of approximately 50 mL/min and allowed to flow through a COZIR Sprint IR inline infrared sensor to determine the CO2 composition.
These initial tests show that there are two distinct stages within the pressure drop, as the pressure drops from 15 down to approximately 5 bar, the CO2 concentration is low and N2 desorption dominates, this stage would is vented as a "waste" gas. At 5 bar, there is a sharp gradient shift as CO2 starts to desorb, this stage is product gas. The peak concentration of the product gas is around 55% CO2 with an average composition of around 44% CO2 in the total volume of gas released. This product gas can then be sent to the corona reactor directly, or can be recycled for a second pass of the adsorber. Figure 11 shows measured gas compositions with ranging CO2 inputs and outputs to show the flexibility of the system. To generate these data, the pressure was dropped instantaneously using the back pressure regulator to mimic the two stages previously mentioned allowing for a combined adsorption/desorption cycle time of around 5 min to be achieved. The output results shown are the average composition from stage 2 of the pressure drop.
Higher concentrations of product gas were obtained by doing multiple passes of the packed-bed adsorber. It is shown that with some optimization, a product output over 90% CO2 could be achieved with just two passes of the adsorber if the utilization system required it.
results from Pulsed corona reactor Figure 12 shows the absolute and effective CO2 conversion produced during pulsed corona discharge against the gas residence time for various gas mixtures of CO2 and N2. It is evident that for all gas mixtures increasing, the residence time has a positive effect on the conversion. Initial observation suggests that there is no immediate correlation between gas mixture and conversion; however, it can be seen that a small quantity of N2 enhances CO2 conversion, but further increase leads to a reduction in conversion. Examining effective conversion shows raw flue gas (12.5% CO2) and 100% CO2 perform the worst across all gas mixtures, which is highly beneficial for the proposed process as it proves raw flue gas to be unsuitable for utilization and that pure CO2 is not required. Ideally, an upgraded flue gas feed is most suitable in terms of conversion for this non-thermal plasma system, which is exactly what the PSA system used in this work provides.
Peak effective conversions of approximately 8% were found in an 80% CO2/20% N2 mixture. Snoeckx et al. (2016) observed a similar effect using a dielectric barrier discharge (DBD) plasma reactor although the reported conversions were slightly higher, peaking at 12% for a 25% CO2/75% N2 mixture. However, it should be noted that the conversions reported in that work were achieved at significantly higher SEIs approximately one order of magnitude higher than this work. Transfer of energy from vibrationally excited N2 has been proven to be effective in enhancing the conversion of CO2 in DBD systems and it is theorized that the same effects are exhibited in a pulsed corona, although the extent of this requires further investigation. Pontiga et al. (2011) also investigated mixtures of CO2 and N2 in a DC corona discharge. However, in that work, the conversion to CO was only in the order of a few percent. They attributed the lower conversion upon increasing N2 concentration to the formation of nitrous oxides (NOx), which inhibit the formation of CO through reactions such as Eq. 7, which could prove a limiting factor. NO CO NO CO 3 2 2 + → +
Heijkers et al. (2015) observed a large conversion of N2, in addition to CO2, in a microwave plasma. N2 conversions up to 15%, at peak SEI of 7.1 eV/molecule, was observed, which is significantly higher than those reported in this work where the total NOx products formed was in the order of hundreds of parts per million. This observation can be attributed to the lower specific input energy used during pulsed corona discharge operation which is typically one order of magnitude lower than other plasma technologies. As less total energy is applied the amount available to convert N2 is also less; this combined with a higher energy threshold to ionize N2 over CO2 results in low NOx production. Figure 13 shows the energy efficiency of CO2 conversion under plasma conditions as a function of the SEI. For all mixtures, except 60% CO2/40% N2, the efficiency decreases as the SEI is raised, i.e., the residence time is increased. As demonstrated in previous work (Moss et al., 2017) , the efficiency is substantially higher than other reported works at low SEIs, and this remains the case in CO2/N2 mixtures, peaking at approximately 90% albeit with a large error. Again compared to the works of Snoeckx et al. (2016) , the highest reported efficiency was 13% in a 75% CO2/25% N2 mixture. It is noted that the gas mixture containing 60% CO2 exhibits a different trend compared to the others and this is attributed to a different kinetic pathway of reduction but to validate this would require an in-depth kinetical analysis.
Taking the case of pure CO2, the energy efficiency is again much higher than other works with a maximum around 35% being achieved at the lowest SEI/longest residence time. Except for raw flue gas, N2 addition has a positive effect on efficiency, and at higher values of SEI, as the N2 content is decreased the efficiency increases. It is theorized that up to 20% N2 content in the gas mixture has a positive effect on CO2 conversion and efficiency owning to the formation of N2 metastables, which are effective at transferring energy to lower energy states of CO2. Further increase in N2 quenches these metastables, and the beneficial effect is no longer observed. Furthermore, as the gas content contains more N2, a higher energy requirement is needed to ignite and sustain the plasma, and more energy is directed toward reactions of N-containing species and diverted away from CO2 dissociation. This effect becomes dominating as more N2 is added as demonstrated in other works (Heijkers et al., 2015) .
The main reason for higher efficiencies being achieved has been stated in previous work and proven by means of numerical modeling (Moss et al., 2017) . The unique form of the applied voltage pulse, characterized by an initial large amplitude pulse followed by a series of smaller amplitude pulses, allows a twostep pathway of CO2 utilization to be established. During the high amplitude pulse, ionization and vibrational excitation of the gas are the dominant reactions; however, during the series of smaller amplitude pulses, dissociation of neutral and vibrationally excited CO2 reactions dominates, which is the most direct route to produce CO. In contrast to other works, the role of vibrational excitation and subsequent dissociation is not expected to play a major role in the formation of CO; as the relaxation times of such species are shorter than the inter-pulse duration. N2 vibrational species may play a role in enhancing CO2 conversion as shown in the literature but without a detailed kinetic model of this type of plasma discharge it cannot be conclusively stated. Small quantities of N-containing and O-containing molecules are expected to lower the overall conversion and efficiency as energy will be diverted toward reactions of these components but as the quantity of these is small their effects on conversion and efficiency are minimal.
cOnclUsiOn
Carbon dioxide capture by pressure swing absorption and conversion by non-thermal plasma has been demonstrated to be a viable process for the production of CO albeit on a small scale, a valuable precursor to many chemicals and key feedstocks for the chemicals industry. CO2 can be captured from raw flue gas and upgraded to ca. 40% purity in only one stage and fed into the corona discharge reactor to achieve approximately 7% absolute conversion to CO across a range of feed rates and with an average energy efficiency of 54%. Alternatively, the upgraded flue gas can enter a second stage in the capture process and be further refined to around 80%. This high purity CO2 when fed into the corona reactor is capable of producing a product gas containing approximately 8% CO with an average energy efficiency of 71%.
The main advantage over this route to CO, although conversions are relatively low and even for plasma technology this conversion is average but the fact that linking the two processes together allows a variable waste gas stream to be captured and then upgraded to obtain a higher concentration of CO2 with some conversion to a useful product. For the utilization stage, it has been discovered that, unlike other technologies, a pure CO2 feed is not only not required but it is unfavorable. Flexibility of feed gases and flexible operating conditions are an additional benefit over most other utilization technologies as they favor continuous/ continuous-batch operation. It should be remembered that low conversions are common in the process industries and simply require effective recycling of the unreacted reagents to improve performance. The Haber-Bosch process, which is the main global route to ammonia production, is a prime example of this approach.
Although there needs to be consideration for the separation of CO from the product gas, this process suggests that a low energy route to CO may be achievable. Both the PSA process and pulsed corona reactor are non-intensive in terms of energy usage; however, for the process to be realized on a larger scale, recycling of the unreacted CO2 in the product gas must be deployed. Membrane separation technology offers a potential solution to this problem.
There will always be concerns about how the effects of impurities such as SOx and water vapor will have on capture and utilization processes and the sensitivity of the system toward this. Future work examining these effects must be completed before the process can truly be considered for industrial application. The scale-up to pilot scale of these technologies is another step to overcome before a realistic, industrially viable process can be envisaged. It is envisaged that for the PSA system, the scale-up is linearly related to the size of the equipment; however, consideration into the feasibility of manufacturing ionic liquid sorbents on large scales must be undertaken. To successfully scale up the utilization step, it is likely that the corona reactor would employ a modular configuration of multiple reactors; however, it should be noted that increasing the reactor size would exponentially increase the energy costs.
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